Special - Savanna patterns of energy and carbon integrated across the landscape by Beringer, Jason et al.
A field campaign along a 1,000-km transect of the Australian savanna, with a mean annual 
rainfall gradient from 1,700 to 350 mm, examined patterns and processes of carbon, water, 
and energy fluxes from leaf to landscape scales.
The land surface is the interface for the exchange of radiation, heat, moisture, CO2, and other trace gases with the atmosphere (Fig. 1). These impor-
tant exchanges are modulated by ecosystem charac-
teristics such as structure, species composition, and 
physiological function. Ecosystem characteristics in 
turn influence biophysical processes (Fig. 1) at a range 
of scales (Bonan 2008). Locally, variability in eco-
system characteristics modify surface–atmosphere 
exchanges, which then influence the overlying atmo-
sphere and boundary layer. Over larger scales, spatial 
variability in ecosystem characteristics can generate 
contrasts that drive mesoscale to regional-scale cli-
mate (i.e., monsoon). Ecosystems also interact with 
the Earth system at local to global scales through 
biogeochemical cycling (Fig. 1; Bonan 2008).
In global climate modeling (GCM) and atmo-
spheric inversion studies, fluxes are estimated using 
process-based land surface models (LSMs; Pitman 
2003). Advanced GCMs now include biogeochemical 
feedbacks, biophysical process coupling (Lawrence 
et al. 2011), and dynamic vegetation (Cramer et al. 
2001; Lawrence et al. 2011). However, these advances 
have made projections of climate more uncertain 
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Fig. 1. Conceptual diagram showing linkages between 
ecosystems and the atmosphere. The important ex-
changes (black boldface text) are modified by ecosystem 
properties (structure, composition, and function). The 
land surface exchanges determine the atmospheric 
properties. Over large scales, ecosystems alter regional 
climate with feedbacks to the global scale. [Adapted 
from Chapin et al. (2005) and Bonan (2008).]
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because of the wide variation in how the biosphere re-
sponds to climate change in the models (Raddatz et al. 
2007). In addition, significant gaps remain with regard 
to the performance of LSMs, such as uncertainties 
in parameterizing soil–root interactions, large-scale 
hydrological processes, subgrid-scale heterogene-
ity, and capturing biogeochemical cycles adequately 
(Pitman 2003). Further development of LSMs requires 
multidisciplinary studies of soil moisture processes, 
large-scale processes of hydrology and ecology, 
radiative transfer, photosynthesis-level biochemistry, 
and observations of boundary layer processes and 
biogeochemical cycles (Pitman 2003). Such studies 
require that a hierarchical integrated measurement 
and modeling approach be applied 
across multiple spatial and temporal 
scales (Fig. 2). Examples of such 
major measurement campaigns in-
clude the first International Satellite 
Land Surface Climatology Project 
(ISLSCP) Field Experiment (FIFE; 
Sellers et al. 1988), Boreal Ecosystem–
Atmosphere Study (BOREAS; Sellers 
et al. 1995), Southern Africa Fire–
Atmosphere Research Initiative 
(SAFARI; Swap et al. 2003), African 
Monsoon Multidisciplinary Analysis 
(AMMA)-Couplage de l’Atmosphere 
Tropicale et du Cycle Hydrologique 
(CATCH; Lebel et al. 2009), Hydro-
logical Atmospheric Pilot Experi-
ment (HAPEX)-Sahel (Dolman et al. 
1997), and Observations at Several 
Interacting Scales (OASIS; Leuning 
et al. 2004).
Gaps remain in our knowledge of 
the spatial and temporal variability 
of f luxes as well as the processes 
controlling them. We are still limited 
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Fig. 2. The temporal and spatial scales of interest in the study of land–
atmosphere interactions and the techniques used to address them. 
Some of these measurements are direct, whereas others (such as 
remote sensing) are indirect measures of the desired quantities.
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in our ability to integrate 
small-scale processes, such 
as leaf photosynthesis and 
plant water use, to larger 
scales for application to 
modeling and remote sens-
ing (Fig. 2). This challenge 
is particularly pronounced 
in savanna landscapes 
because of their highly 
heterogeneous mixture 
of trees and grasses. This 
makes understanding land 
surface processes in savan-
nas challenging, but it also 
provides opportunities for 
thorough validation and 
development of models 
and remotely sensed prod-
ucts that are applicable 
to this extensive tropical 
ecosystem.
To understand the pat-
terns and processes of 
fluxes, we undertook an in-
terdisciplinary campaign, 
Savanna Patterns of Energy 
and Carbon Integrated 
Across  t he L a ndscape 
(SPECIAL). SPECIAL aims 
to describe the variabil-
ity in and drivers of f lux-
es from leaf to landscape 
scales across a large sec-
tion of the 1,000-km-long 
North Australian Tropi-
cal Transect (NATT) in 
northern Australia, where 
mean annual rainfall de-
creases from 1,700 mm in 
the north to 350 mm in the 
south. Associated with this decline in rainfall is a dra-
matic change in ecosystem structure, composition, 
and function from the moister woodland savanna in 
the north to the arid grassland in the south (Fig. 3). 
Compared to those in South America and Africa, 
Australian savannas have little topographic relief and 
a high degree of biome intactness (low fragmentation) 
resulting from minimal anthropogenic activities (i.e., 
grazing and land use change). They provide a “living 
laboratory” in which to investigate the influence of 
vegetation structure and climate on land–atmosphere 
exchanges. We asked the following questions:
1) How do the fluxes of carbon, water, and energy 
vary spatially and temporally across the NATT, 
and how do we scale from leaf to landscape?
2) What are key factors in climate and ecosystem 
characteristics (e.g., vegetation structure, species 
composition, and physiological function) that 
drive the variability in land surface–atmosphere 
exchanges?
3) How do we best combine measurements with 
models at multiple scales to form a comprehensive 
and consistent estimate of regional f luxes and 
budgets across the landscape?
Fig. 3. Regional map of the field area during SPECIAL showing the six mea-
surement sites down the NATT. Leaf area and basal area decline from Howard 
Springs to Sturt Plains. Fogg Dam is a seasonally flooded wetland with sedge 
grasses that were still partially green at the time of SPECIAL and where soil 
water content was high. Photos are shown to illustrate the differences in 
the structure of savanna vegetation. Aircraft grid patterns used for charac-
terization and validation over selected sites are shown (red circles). Linking 
aircraft flux transects (yellow ellipses) were broken into northern, middle, 
and southern transects, and the location of the budget flights at Daly River 
is shown (blue circle).
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The research team included groups from seven 
institutions in four countries with expertise in 
land–atmosphere modeling, boundary layer me-
teorology, micrometeorology, remote sensing, soil 
science, leaf- and canopy-scale ecophysiology, and 
savanna ecology. Observations were made during 
an intensive 2-week field campaign during the late 
dry season in September 2008 when soil moisture in 
the top 0.4 m typically ranges between 5% and 10% 
along the whole transect. All of the available resources 
were utilized to obtain this comprehensive snapshot 
of this huge region. Data from the field campaign are 
complemented by ongoing and continuous flux tower 
measurements that are made at several sites along the 
transect to capture seasonal and interannual variabil-
ity. This article provides an overview of the research 
program and the intensive ground campaign of 
September 2008. Detailed methodologies and results 
can be found in a separate special issue (overview is 
given in Beringer et al. 2011).
BACKGROUND. Tropical savanna is a key ter-
restrial biome that dominates 15% of the global land 
surface and warrants special attention because of its 
vast spatial extent, high productivity, rapid carbon 
turnover, vulnerability to climate change (which 
will alter fire regimes and water availability), poor 
management (i.e., high population pressures and 
overutilization for grazing and firewood), and land 
use change (Canadell et al. 2003). At a global scale, 
savanna distribution is determined by the seasonality 
of climate; savannas occur in regions with strongly 
alternating wet and dry seasons (Mistry 2000), with 
rainfall ranging from 300 to 2000 mm yr−1. At local 
scales, savannas are modulated by soil water content 
and drainage, nutrient availability, disturbance 
regimes, and land use change (Scholes and Archer 
1997). Savanna ecosystems are significantly impacted 
by disturbance agents, such as frequent fire, cyclones, 
herbivory, and invasive species (Mistry 2000). These 
factors combine to produce a large diversity of spe-
cies and functional groups, vegetation structure 
[e.g., height, cover, leaf area index (LAI), albedo, and 
surface roughness], phenology, and plant physiology 
(e.g., leaf properties, water, and light use efficiency). 
These characteristics affect biophysical and biogeo-
chemical processes, and hence the fluxes of mass and 
energy to the atmosphere.
From a biophysical perspective, extensive changes 
in vegetation structure and function will alter sur-
face atmosphere processes, and hence the surface 
energy and water balance, with feedbacks at multiple 
scales (Fig. 1). Alterations to biophysical processes 
within ecosystems can, in turn, influence boundary 
layer development (Wendt et al. 2007) and can also 
cause mesoscale circulations as a result of vegeta-
tion discontinuities (Lee and Kimura 2001; Raddatz 
2007). Regional differences in vegetation will cause 
large-scale albedo anomalies that have been shown 
to change regional atmospheric circulation patterns 
(Charney et al. 1975; Chase et al. 1996). For example, 
the clearing of South American savannas and conver-
sion to grassland and cropland modifies ecosystem 
characteristics and has been shown through mesoscale 
modeling to alter the hydrological cycle and reduce 
precipitation by 10% (Hoffmann and Jackson 2000). 
In the savanna region, gross vegetation changes (re-
duced LAI) resulting from burning have been shown 
to alter local and regional climate (Lynch et al. 2007; 
Görgen et al. 2006). However, most climate models 
used in the Intergovernmental Panel on Climate 
Change (IPCC) Fourth Assessment Report (Randall 
et al. 2007) treat all savannas as a single vegetation/
biome type, and therefore do not adequately capture 
the variability of savanna structure, composition, 
and function. Many of these models fail to capture 
the seasonality of f luxes in savannas because they 
cannot simulate the complex interactions between 
rainfall, soil moisture, root distribution, and plant 
water uptake (Pitman 2003).
Savannas also contribute significantly to biogeo-
chemical cycling, including exchanges of carbon 
dioxide, nitrogenous compounds, methane, volatile 
organic compounds (VOCs), and other trace gases 
(Arneth et al. 2009), with a globally significant efflux 
arising from frequent savanna burning (Beringer 
et al. 1995). Most of these compounds do not directly 
alter the local overlying atmosphere, but are well 
mixed and transported and contribute to the overall 
greenhouse gas burden of the planet. In terms of the 
carbon cycle, savannas are also important because 
of their large spatial extent and relatively high pro-
ductivity compared to other global biomes (Grace 
et al. 2006).
A multidisciplinary and multiscale approach as 
advocated by Pitman (2003) is clearly required to fully 
understand how natural and anthropogenic changes 
to savanna structure, composition, and function 
will modify surface biophysical and biogeochemical 
processes and interact with the regional to global 
climate. Contributing to this understanding is the 
motivation for this study and informs our approach 
outlined below.
APPROACH. A hierarchy of techniques was 
used during the field campaign. These included the 
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following: 1) leaf-level measurements of gas exchange 
using chambers, 2) soil chambers to measure fluxes of 
CO2 and trace gasses, 3) continuous plot-scale tower-
based eddy flux measurements complimented with de-
tailed plot structural and floristic information, 4) spa-
tially resolved (but temporally intermittent) fluxes and 
boundary layer budget measurements collected using 
instrumented aircraft, and 5) temporally and spatially 
continuous remotely sensed LAI and albedo.
Measurements were made along the 1,000-km 
NATT (Fig. 3). This transect is one of several transects 
originally established under the International 
Geosphere-Biosphere Program (IGBP) program to 
study the effects of changes in climate, land use, 
and atmospheric composition on biogeochemistry, 
surface–atmosphere exchange, and vegetation dy-
namics of terrestrial ecosystems (Koch et al. 1995). 
The NATT covers a gradient of decreasing mean an-
nual rainfall from 1700 mm in the north to 350 mm 
in the south [a review of research using the NATT is 
given in Hutley et al. (2011)]. The Australian monsoon 
weakens with distance inland where rain comes from 
small, isolated convective storms rather than from 
extended periods of monsoon activity (Beringer and 
Tapper 2000). Most rainfall occurs in the 4–6 months 
of the summer wet season (from November to April). 
The rainfall gradient is associated with changes in the 
structure, composition, and function of the savannas. 
The vegetation consists of an evergreen overstorey 
dominated by eucalypts with an understorey of tall 
C4 grasses that senesce in the dry season. Fire occurs 
annually in the high-rainfall zones, where grass pro-
ductivity, dry-season fuel loads, and human popula-
tion are the highest, and declines with mean annual 
rainfall along the NATT (Andersen et al. 1998). The 
field campaign occurred during the late dry season 
when the available soil water in the top 0.40 m was less 
than 0.09 (m3 m−3) at most sites (Table 1). These very 
low surface soil water contents result in the senescence 
of all grasses and extremely low soil evaporation along 
the entire transect. Daytime temperatures are generally 
greater than 25°C year-round with average maximum 
temperatures for the SPECIAL campaign ranging from 
33.0°C at Howard Springs to 34.2°C at Sturt Plains 
(Table 1). Maximum daily atmospheric water content 
varied from 18.5 g m−3 at Howard Springs to 9.0 g m−3 
at Sturt Plains (Table 1) and resulted in strong humidity 
deficit along the transect.
Measurements during the intensive field campaign. The 
intensive field campaign ran from 1 to 15 September 
2008. Ground-based measurements were made at six 
key sites to examine the spatial variation in savanna 
structure, composition, and function along the gradi-
ent in mean annual rainfall (Fig. 3; Table 1).
ecoLogicaL measurements. At each of the six sites along 
the transect, we made the following measurements:
1) Leaf-level physiology: Leaf photosynthetic 
capacity is an important parameter for model-
ing carbon and water vapor exchange by plant 
canopies (Leuning 1995; Baldocchi and Amthor 
2001). Two leaf-scale parameters—the maximum 
carboxylation capacity (Vcmax) and the maximum 
photosynthetic rate (Amax)—are frequently used in 
LSMs, and these parameters are often assumed 
to be constant within a plant functional type. 
This assumption was tested along the NATT by 
using measurements of Vcmax, Amax, foliar nitrogen 
concentration, leaf carbon isotope discrimina-
tion (Δ13C), and leaf mass per unit area for each 
dominant species at each site. Measurements were 
taken using a portable photosynthesis analyzer 
(Li-Cor LI-6400) and an elevated platform. For 
details see Cernusak et al. (2006, 2011).
2) Plot-scale species composition and stand struc-
ture: Tree species and dimensions (height and 
stem diameter) were mapped in 1-ha plots cen-
tered on f lux towers using a differential GPS 
(Hutley et al. 2011). This precision enables the 
linking of tree structure to lidar data (Fig. 4).
3) Plot-scale LAI: We quantified LAI in each plot using 
optical and hemispherical photo techniques (Sea 
et al. 2011). These measurements were extended to 
30 additional sites within the region and were used 
to validate satellite-derived LAI using the LAI–
Fraction of Photosynthetically Active Radiation 
8-Day L4 Global 1km MOD15A2 (Table 1).
4) Plot-scale carbon stocks: Biomass of overstorey 
trees was estimated using their heights and 
diameters and combining these measurements 
with existing allometric equations for trees of this 
biome (Williams et al. 2005).
5) Plot-scale soil properties: Gravimetric and volu-
metric soil moisture content were measured along 
with chemical and physical properties of the 
soil, including bulk density and soil particle size 
distribution.
PLot-scaLe fLux measurements. Half-hourly net ex-
changes of carbon dioxide (Fc), water [latent heat 
flux (LE)], heat [sensible heat flux (H)], and energy 
were measured simultaneously at six sites using the 
tower-based eddy covariance technique. The SPECIAL 
campaign was focused on the spatial variability in 
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Fig. 4. To determine ecosystem properties at larger scales, hyperspectral and lidar data were collected along 
the entire transect. (left) The hyperspectral image for the same plot (trees shown as green circles) delineates 
tree canopies at the plot scale and can be used to determine species and functional properties. (right) Plot-scale 
map of tree species, position, and diameter at breast height (DBH; cm) from the Dry Creek site as determined 
by ground-based field sampling using GPS.
Table 1. Summary of the major measurements sites along the NATT during the SPECIAL campaign 1–15 Sep 2008.
Site
Latitude/
longitude Description
Species  
(three dominant species 
and number per hectare)
Basal 
area 
(m2 ha−1)
Canopy 
height 
(m)
LAI 
(m2 m−2)a
Annual 
rainfall 
(mm)b
Min/max 
daily 
temp 
(°C)c
Min/max 
absolute 
humidity 
(g m-3)c
Soil 
moisture 
(m3 m−3)c,d
Soil 
temperature 
(°C)c
Solar 
radiation 
(W m−2)c
Bowen 
ratioe
Fogg Dam
12°32 4΄2.79˝S
131°18΄25.86˝E
Seasonally flooded wetland
In the dry season, grasses 
Oryza rufipogon and Pseudoraphis 
spinescens, and sedges Eleocharis 
dulcis.
— 0.5–1.5 1.1f 1,401 34.4/18.2 18.5/10.5 0.4/0.4 22.9 264.0 0.99
Howard Springs
12°29΄39.12˝S
131°09΄09˝E
Eucalypt open forest, 
woollybutt, stringybark, 
sorghum tall grass 
understory
Eucalyptus miniata (212)
Erythrophleum chlorostachys (120)
Terminalia ferdinandiana (105)
9.7 18.9 1.04 ± 0.07 1,714 33.0/22.0 18.5/11.0 0.06/0.10 32.7 256.5 1.7
Adelaide River
13°04΄36.84˝S
131°07΄04.08˝E
Tropical Eucalypt woodland, 
Eucalyptus tectif ica
Eucalyptus tectif ica (114)
Planchonia careya (102)
Buchanania obovata (41)
5.1 12.5 0.68 ± 0.07 1,460 35.3/21.8 17.7/8.9 0.09/0.14 35.7 258.1 3.1
Daly River
14°09΄33.12˝S
131°23΄17.16˝E
Tropical Eucalypt 
Woodland/Grassland, Box, 
Bloodwood, Sorghum and 
tussock grassland
Terminalia grandiflora (94)
Eucalyptus tetrodonta (47)
Eucalyptus latifolia (18)
8.3 16.4 0.80 ± 0.12 1,170 35.0/20.8 15.1/8.6 0.03/0.06 32.8 270.6 3.2
Dry Creek
15°15΄31.62˝S
132°22΄14.04˝E
Savanna dominated by 
Eucalyptus tetrodonta, 
Eucalyptus terminalis and 
Eucalyptus dichromophloia
Eucalyptus tetrodonta (182)
Eucalyptus terminalis (177)
Eucalyptus dichromophloia (125)
5.4 12.3 0.58 ± 0.11 850 34.8/20.0 12.3/7.8 0.03/0.05 — 266.5 4.6
Sturt Plains
17°09΄2.76˝S
133°21΄ 1.14˝E
Mitchell grass Mitchell grass (Astrebla spp.) — 0.2 0 535 34.2/19.0 9.0/6.1 0.04/0.10 30.2 269.7 15.8
aLAI values as reported in Hutley et al. (2011).
bMean annual rainfall is from 2000 to 2007 from “SILO” (Bureau of Meteorology) (Jeffrey et al. 2001) interpolated rainfall surfaces  
or nearby climate stations (Hutley et al. 2011; Jeffrey et al. 2001).
cIndicates data from the site for the duration of the campaign 1–15 Sep 2008.
dVolumetric soil water content at depths of 10 and 40 cm using the Campbell Scientific, Inc., CS616 instrument.
eAverage day time (1100–1500) values for Bowen ratios.
fMODIS-derived LAI 8-Day Composite - Collection 5.
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fluxes between the sites rather than temporal variabil-
ity; however, most of the sites were established before 
and/or continued after the campaign to examine the 
seasonal variability of land–atmosphere fluxes and the 
influence of the tropical monsoon. The long-term site 
at Howard Springs (open-forest savanna) was estab-
lished in 2001, and it continues to provide insight into 
long-term temporal changes in that ecosystem (Eamus 
et al. 2001; Beringer et al. 2007). Tower instrumenta-
tion was established based on Beringer et al. (2005) 
with identical core turbulent f lux instrumentation 
at each site. Tower heights varied according to the 
canopy height, and the flux instruments (sonic an-
emometer and open-path gas analyzer) were mounted 
between 3 and 5 m above the canopy top. The open-
path gas analyzers were calibrated within 2 weeks of 
the campaign start and again within 2 weeks of the 
campaign end. Data collection and processing for the 
Howard Springs site are described in Beringer et al. 
(2007), and a similar protocol was adopted for all of the 
transect sites. In summary, all fluxes were calculated 
from 30-min-averaged covariances calculated online 
by the datalogging system (Campbell Scientific, Inc., 
CR3000) after applying a 2D coordinate rotation in 
postprocessing (Lee et al. 2004). Both LE and Fc were 
corrected for density effects following Leuning et al. 
(2004). We report here the net 
f lux of CO2 above the canopy 
(Fc) and do not account for 
storage or advection terms that 
are usually small, especially 
for rough and short-statured 
savanna ecosystems. Meteoro-
logical measurements included 
photosynthetically active ra-
diation, full radiation balance, 
air temperature, water vapor 
pressure, atmospheric pressure, 
and wind speed and direction.
At the Howard Springs and 
Daly River sites (Fig. 3), we also 
measured the soil–atmosphere 
exchange of the non-CO2 green-
house gases, nitrous oxide (N2O), 
and methane (CH4). These trace 
gas fluxes were measured over a 
1.5-yr period at Howard Springs 
continuously using automated 
chambers (n = 10) and intermit-
tently using manual chambers 
(n = 15 per plot) in burnt (n = 3) 
and unburnt (n = 3) savanna 
woodlands (Livesley et al. 2011). 
At the Daly River site, trace gas fluxes were measured 
intermittently using manual chambers (n = 15 per 
plot) over the same 1.5-yr period in savanna woodland 
(n = 3), young pasture (n = 3), and older pasture (n = 3). 
The Howard Springs and Daly River sites are represen-
tative of the savanna woodland community dominated 
by Eucalyptus tetrodonta and E. miniata, which are 
common in areas with annual rainfall above 800 mm 
(Fox et al. 2001). These chamber observations enable 
us to quantify non-CO2 greenhouse gas contributions 
to the overall greenhouse gas balance for much of this 
savanna region. Termites are fundamental to savanna 
nutrient cycling (Holt 1987; Holt and Coventry 1990) 
and are a potentially significant CH4 source. Thus, 
chamber measurements were made during the wet and 
dry seasons to quantify the contribution of mound-
building termites to ecosystem-scale CH4 exchange. In 
combination, both long-term automated chamber and 
intermittent manual chamber measurements provide 
both spatial and temporal non-CO2 greenhouse gases 
exchanges.
aircraft fLuxes and budgets. We utilized the ad-
vanced facilities from Airborne Research Australia 
(ARA; Flinders University, South Australia; www 
.airborneresearch.org.au) during the campaign. 
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8.3 16.4 0.80 ± 0.12 1,170 35.0/20.8 15.1/8.6 0.03/0.06 32.8 270.6 3.2
Dry Creek
15°15΄31.62˝S
132°22΄14.04˝E
Savanna dominated by 
Eucalyptus tetrodonta, 
Eucalyptus terminalis and 
Eucalyptus dichromophloia
Eucalyptus tetrodonta (182)
Eucalyptus terminalis (177)
Eucalyptus dichromophloia (125)
5.4 12.3 0.58 ± 0.11 850 34.8/20.0 12.3/7.8 0.03/0.05 — 266.5 4.6
Sturt Plains
17°09΄2.76˝S
133°21΄ 1.14˝E
Mitchell grass Mitchell grass (Astrebla spp.) — 0.2 0 535 34.2/19.0 9.0/6.1 0.04/0.10 30.2 269.7 15.8
aLAI values as reported in Hutley et al. (2011).
bMean annual rainfall is from 2000 to 2007 from “SILO” (Bureau of Meteorology) (Jeffrey et al. 2001) interpolated rainfall surfaces  
or nearby climate stations (Hutley et al. 2011; Jeffrey et al. 2001).
cIndicates data from the site for the duration of the campaign 1–15 Sep 2008.
dVolumetric soil water content at depths of 10 and 40 cm using the Campbell Scientific, Inc., CS616 instrument.
eAverage day time (1100–1500) values for Bowen ratios.
fMODIS-derived LAI 8-Day Composite - Collection 5.
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Specifically, two ECO-Dimona research aircraft were 
fitted with ARA instrumentation (as listed in Table 2) 
enhanced by sensors from MetAir (for details see www 
.metair.ch), which operates a similar research aircraft in 
Europe, and Hochschule Anhalt (SPECIM AISA+). The 
following four types of flux missions were flown:
Table 2. Aircraft instrumentation operated during the SPECIAL campaign 1–15 Sep 2008 for each of the 
different mission types.
Instrumentation Parameters measured Derived parameters
Airborne eddy covariance flux missions ( transects, grids, and intercomparisons)
BAT probe with FUST 3D wind vector; air temperature, air 
pressure
Turbulence parameters
Li-Cor 7500 IR gas analyzer Absolute humidity CO
2
Sensible heat flux, latent heat flux, flux 
of CO
2
Meteolabor TP3 dewpoint mirror system Dewpoint air temperature
Laser altimeter Flying height above terrain and vegetation Vegetation structure; canopy height
Eppley PIR and PSP hemispheric 
radiometers
Incoming and outgoing shortwave and 
longwave radiation
Surface radiation balance
Heimann KT15 IR radiometer IR surface temperature
Two ARA PodCams Oblique forward up and forward down 
images every 10 s
Photographic time series of flights
OXTS IMU/GPS system Aircraft parameters (time, position, 
altitude, attitude, etc.)
Aircraft remote sensing
Two OXTS IMU/GPS systems Aircraft parameters (time, position, 
altitude, attitude, etc.)
Geo-referencing of remote sensing data
Full-waveform-resolving lidar system 
(Riegl Q560)
Lidar scans (typical swath width 400 m) at 
~15-cm horizontal and vertical resolution
Vegetation structure; <1-m DEM, DSM
Hyper-spectral scanner (Specim AISA+) Hyperspectral scans (62 spectral 
bands within 400–970-nm range, 512 
spatial pixels; typical swath widths 
~350 m–1.5 km; ~1 m–2.5 m spatial 
resolution)
Vegetation parameters; canopy 
parameters; spectral parameters  
such as vegetation indices, LAI, etc.
ARA/AWI trispectral scanner 3 spectral bands (red, green, NIR; 2048 
spatial pixels; typical swaths width 
~650 m–3.5 km; ~0.5–2 m spatial 
resolution)
Vegetation index; false-colour images
Aerial camera (Canon EOS 1Ds)–nadir 
pointing
12 MPix overlapping natural colour pho-
tographs
Visual images
L-band passive micro-wave scanner 
(PLMR)
1.24-GHz horizontally and vertically 
polarized microwave reflectance
Soil moisture (~top 10 cm)
Budget circles and CO2 profiles (two aircraft)
Aircraft 1: As for flux transects  
Aircraft 2: As for flux transect but 
modified LI-7500, and LI-6262 plus flasks; 
fast CO gas analyzer; aerosol counter
3D wind and turbulence temperature, 
H
2
O and CO
2
 at 10 Hz; CO and aerosol 
number concentration (0.3 and 0.5 μm) 
at 3 Hz
Concentration fields, vertical fluxes, 
advective fluxes, and an integrated 
budget of the cylindrical box based 
on two different methods (of all 
parameters mentioned on the left)
Identical to “Aircraft 2” above, using 
more flasks
The same as above High-precision vertical profile of 
CO
2
 (0.2 ppm) and CO (2 ppb) up to 
5,500 m MSL for the comparison with 
the remote sensing technique (FTIR) 
from Darwin
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1) Flux transects: Continuous flights up to 275 km 
in length were f lown at approximately ~25 m 
above the canopy to measure turbulent fluxes of 
sensible and latent heat, CO2, and momentum, 
together with other variables listed in Table 2. 
Transects were divided into southern, middle, and 
northern portions for logistical reasons (Fig. 3). 
Three transects were f lown along each section 
spread over the duration of the field campaign.
2) Flux grids: Runs spaced 2 km apart over a 10 km 
× 10 km grid were flown at 25 m above the canopy 
over and near the f lux tower site for plot-scale 
characterization. These single flights were used 
to characterize the spatial variability around each 
tower.
3) Flux comparisons: A series of 10 repeated 
~3–5-km runs were flown at ~10–25 m above the 
canopy over some flux tower sites. These multiple 
flights assessed the repeatability of aircraft mea-
surements over time and uncertainty against the 
flux towers.
4) Planetary boundary layer budget circles: Repeated 
circles (of 30-km diameter) were flown with both 
aircraft simultaneously (two-thirds of the time) 
at altitudes between 10 and 600 m above the 
ground to measure concentrations of CO2, CO, 
and H2O.
For each of the missions, aircraft-based turbulent 
flux estimates were computed as covariances between 
the relevant parameters (vertical wind speed, poten-
tial temperature, specific humidity, and CO2 density) 
using the standard Webb–Pearman–Leuning (WPL) 
correction (Webb et al. 1980). For all occasions, only 
single traverses were flown (because of the extreme 
length) either along the transect or along the grid 
patterns; it was decided to limit the spatial scale of 
the fluxes to 800 m for the transects and 400 m for 
the grid sections. Therefore, a high-pass filter with 
a cut-off wavelength in the time domain equivalent 
to 800 and 400 m, respectively, was applied to H, LE, 
and Fc. This means that the fluxes derived in this way 
represent the components of the total flux on these 
scales only. The aircraft f lew a total of 97 mission 
hours over 10 flying days from their operations base 
at Tipperary Station (about 160 km south of Darwin) 
and collected approximately 1 Tb of raw data.
remote sensing. The aircraft that undertook remote 
sensing grid and transect missions, carried a full-
waveform-resolving lidar, a hyperspectral scanner 
(400–950 nm at a spectral resolution of 2.5-nm band-
width), a trispectral scanner (green, 490–550 nm), red 
(550–725 nm) and near-infreared (NIR; 725–850 nm) 
bands, a high-resolution aerial camera (12 MPix), and 
a passive L-band microwave radiometer (1.413 GHz, 
24-MHz bandwidth; see Table 2). Remote sensing data 
were acquired at various altitudes between 1,000 and 
3,000 m above ground during transect flights between 
the f lux towers, as well as at ~500–1,000 m above 
ground during ~2 km × 2 km grid f lights around 
each tower. Aircraft remote sensing was augmented 
by field-based spectroscopy using a handheld spec-
troradiometer [Analytical Spectral Devices, Inc. 
(ASD)] to create a spectral library of leaves, stems and 
trunks, leaf litter, grass, and bare ground. These data 
are crucial for linking larger spatial-scale satellite hy-
perspectral measurements to surface characteristics 
such as chlorophyll and nitrogen concentrations of 
the canopy. Gross primary productivity (GPP), the 
rate of carbon fixed by the ecosystem, was also esti-
mated utilizing the MODIS GPP algorithm (Myneni 
et al. 2002) but was modified using our own savanna-
specific light-use efficiency function and regional 
meteorology. This function has been previously 
validated against flux tower data for these savannas 
(Kanniah et al. 2009).
RESULTS AND INTEGRATION. Leaf-level 
ecophysiology. Fluxes of water vapor and CO2 are 
regulated by environmental factors such as light, CO2 
concentration, soil moisture, and water vapor pressure 
deficit that interact with vegetation composed of many 
species with differing physiological properties (Fig. 1; 
see Wang et al. 2007). It is common in global climate 
modeling to assume the physiological properties are 
constant in each of a small number of biomes and to 
assign parameter values using lookup tables (Pitman 
2003). Data collected during SPECIAL are useful for 
testing these assumptions. We found that Vcmax aver-
aged 80.6 ± 13.7 μmol m−2 s−1 across all sites and species 
and was not correlated with mean annual rainfall at 
each site. Even less variability was observed for Amax, 
with a mean of 32.7 ± 7.5 μmol m−2 s−1. Default values 
of these physiological parameters as used in some 
land surface models, for example, the Australian 
land surface model [Commonwealth Scientific and 
Industrial Research Organisation (CSIRO) Atmo-
spheric Biosphere Land Exchange (CABLE)], differ 
significantly from these measured values (CABLE 
uses a default Vcmax of 10 μmol m
−2 s−1 for savannas), 
which demonstrates that modifications need to be 
made to existing parameter sets (Wang et al. 2007). 
Optimization of parameters can be performed for 
individual sites using flux tower data. For example, 
Vcmax was optimized to a value of 53.2 μmol m
−2 s−1 
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using CABLE for the deciduous oak grass savanna 
(Wang et al. 2007). Cernusak et al. (2011) conclude 
that variation in ecosystem-level gas exchange by the 
dominant evergreen tree species along the NATT is 
determined by changes in LAI in response to vary-
ing aridity, rather than by leaf-scale photosynthetic 
capacity. Remarkably, we measured minimal shifts in 
leaf-level performance across a huge region of north-
ern Australia despite changes in savanna composition 
and structure. Therefore, we can use remote sensing 
approaches that assume a constant leaf performance 
and instead use spatial changes in LAI to scale fluxes 
of carbon and water to canopy and landscape scales 
(as described in the next section).
Plot-scale vegetation composition and structure. To pro-
vide fluxes at scales larger than the leaf, or to model 
ecosystem exchange, we need to know the physiologi-
cal attributes of dominant plant species and the quan-
tity of leaf area per unit ground area at a stand scale 
(LAI). Vegetation composition is important because 
different species can have different physiological 
properties and LAI is a crucial variable for estimating 
the amount of active transpiring/photosynthesizing 
surface area. Other structural variables (e.g., height, 
stem density, spacing, and diameter) are also impor-
tant input variables needed for land surface models 
because they determine surface roughness, radiation 
exchange, albedo, and standing biomass (Fig. 4). The 
decline in rainfall along the transect was associated 
with a decrease in tree basal area (total stem area per 
hectare), height, and LAI. Tree basal area decreased 
from 9.6 m2 ha−1 at Howard Springs (1,714 mm yr−1) 
to 5.4 m2 ha−1 at Dry Creek (850 mm yr−1) with dry-
season overstorey LAI ranging from 1.04 to 0.58 
(Table 1). In addition, there was a concurrent shift in 
tree species with dominant species being replaced as 
savanna ecosystems adapt to the changing environ-
mental envelope defined by the seasonal and interan-
nual variation in rainfall, temperature, sunlight, and 
vapor pressure deficit.
There is potential to utilize high-resolution air-
craft hyperspectral and lidar data (Table 2; Fig. 4) to 
derive canopy-level structural information (biomass 
and LAI), but such approaches need to be verified 
against ground-based measurements. For example, 
we compared ground-based mapping of tree species, 
position, and stem diameter for the flux plots (Fig. 4) 
with aircraft remotely sensed information of a false-
color composite of a hyperspectral image acquired by 
the Specim Airborne Hyperspectral System (AISA)+ 
sensor (Table 2; Fig. 4). The structural data shown in 
Fig. 4 were combined with field-based spectral data 
to validate estimates of canopy structure and chlo-
rophyll levels that determine leaf spectral properties 
made using airborne sensors. We are now linking 
leaf-level spectral measurements to physiological pa-
rameters using various reflectance indices, including 
modified normalized difference and modified simple 
ratios. For example, the average leaf chlorophyll 
content was 58.7 ± 8.6 (mg cm−2) and leaf nitrogen 
content was 1.27% ± 0.069% pooled across the three 
dominant species and all sites. Estimates of average 
leaf chlorophyll using the modified normalized dif-
ference method was 52.08 (mg cm−2) with an R2 of 
0.3, indicating that even over multiple species and 
the huge distance along the transect the remote sens-
ing provides potential predictive ability. Ultimately, 
we need to link these plot-scale remote sensing data 
collected using aircraft to larger-scale remote sensing 
with higher temporal acquisition frequencies [such 
as Hyperion on the National Aeronautics and Space 
Administration’s (NASA’s) Earth Observing-1 satellite 
and the Compact High Resolution Imaging Spec-
trometer (CHRIS) on the European Space Agency’s 
(ESA’s) Project for On-Board Autonomy (Proba)-1, 
or proposed platforms such as the Hyperspectral 
Infrared Imager (HyspIRI), Hyperspectral Precursor 
of the Application Mission (Prisma), and Environ-
mental Mapping and Analysis Program (EnMAP)]. 
Promising techniques include using coupled leaf and 
canopy radiative transfer models, such as Leaf Opti-
cal Properties Spectra (PROSPECT) and Scattering 
Arbitrary Inclined Leaves (SAIL; Jacquemoud et al. 
2009).
LAI is an essential variable to link f luxes from 
plot to regional scales (Beringer et al. 2002). LAI is 
a fundamental land surface property, but the many 
definitions and techniques for LAI measurement 
result in great uncertainty in LAI estimates. In LSMs 
LAI is specified for the vegetated part of a land surface 
only, whereas satellite-derived LAI is calculated from 
the total reflectance and includes both vegetated and 
nonvegetated fractions (i.e., soil fractions; Ge 2009). It 
remains a challenge to separate components of green 
leaf, stem, and soil using remote sensing. We utilize 
the definition of LAI as “half the total intercepting leaf 
area per unit ground surface area” (Chen and Black 
1992, p. 421). To estimate regional fluxes using models, 
we need to know the LAI and meteorology at high 
spatial resolution on a daily to weekly basis (Fig. 2). 
The remotely sensed MODIS collection 5 (MC5) LAI 
product (www.daac.ornl.gov/MODIS/modis.html) 
is ideal for this purpose because it provides global 
coverage at 1 km2 resolution every 8 days. However, 
LAI is not measured directly by remote sensing, and 
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ground-based measurements are needed to validate 
the MODIS data. To achieve this, Sea et al. (2011) 
estimated LAI from the ground by analyzing ~80 digi-
tal hemispherical photographs taken along transects 
within each of 24 × 1 km2 MODIS pixels distributed 
along the NATT. They obtained excellent agreement 
with the MC5 data when a leaf-clumping algorithm 
was used to analyze the digital photographs. Thus, 
well-calibrated satellite-derived estimations of LAI are 
likely to provide robust data and associated methods 
for modeling carbon and water f luxes at regional 
scales, a major objective of this project.
Plot-level f luxes. The eddy covariance method pro-
vides direct measurements of the half-hourly ex-
change of mass and energy, and through continuous 
measurements they can be integrated over hourly to 
decadal periods. This method is an excellent tool 
for understanding processes and drivers of f luxes 
from the surface. Baldocchi (2008) provides a syn-
opsis of errors and uncertainties associated with the 
eddy covariance technique. Flux observations were 
made during the late dry season (6 months since 
significant rainfall), and measurements suggested 
a distinct change in surface energy partitioning 
along the transect (Fig. 5). There was little varia-
tion in daytime peak net radiation among the sites, 
although net radiation was lower at the Sturt Plains 
and Fogg Dam sites (Fig. 5) because of the higher 
albedo of the grassy ecosystems (data not shown). 
In general, the LE decreased and H increased from 
north to south. The Bowen ratio (H/LE) changed by 
an order of magnitude along the gradient, from 0.99 
at Fogg Dam to 15.8 at Sturt Plains (Table 1) because 
of the lack of transpiring vegetation at this site where 
green LAI was zero.
There was evidence at all sites of partial sto-
matal closure (increased surface resistance) that 
restricted transpiration from midday onward (Fig. 5). 
Dry-season volumetric soil moisture content was ex-
tremely low across the entire transect (Table 1) (except 
for the Fogg Dam wetland), and only deep-rooted 
woody vegetation was physiologically active in terms 
of water use (Fig. 5) and CO2 exchange (Fig. 6). LE at 
all sites except Fogg Dam was almost entirely from 
woody tree transpiration because soil moisture was 
too low to support any significant evaporation from 
the soil and/or transpiration from the understory 
grasses, which had long since senesced. Net carbon 
dioxide exchange (see Fig. 6) and LE showed similar 
declines along the transect, illustrating the very tight 
coupling between water balance and CO2 exchange 
during this dry period.
As suggested from plot-scale flux data, the mag-
nitude of fluxes correlate well with canopy LAI along 
the transect and such relationships provide useful 
scalars for spatial extrapolation and modeling. For 
example, productivity can be estimated using MODIS 
GPP along the transect with reasonable accuracy 
because GPP is strongly related to the fractional 
absorbed photosynthetic radiation (fPAR), which is 
a surrogate for LAI and is well captured by MODIS 
(Kanniah et al. 2009). Spatial extrapolation to the 
entire region can be performed with some confidence 
(see “Remote sensing” section; Kanniah et al. 2009). 
Ultimately, the amount of vegetation supported at 
any given location depends on the growing season 
length, soil properties, fire regime, and the quantity 
of rainfall during the wet season.
Chamber measurements at the Howard Springs 
and the Daly River sites showed that CO2 dominated 
the soil–atmosphere exchanges of greenhouse gases 
as compared to the other greenhouse gases N2O and 
CH4. Savanna soils were a small source of N2O and 
a weak sink of CH4, with the latter being a result of 
methanotrophic soil bacteria. In addition, termites are 
also an integral part of savanna nutrient and carbon 
cycling, but their role in landscape-scale greenhouse 
gas exchange has been poorly quantified. Chamber 
measurements of CH4 flux from the mounds of several 
termite species indicate they are strong point sources 
of CH4. However, when scaled up to a hectare, based 
upon surveys of mound basal area and mound density 
per hectare of each termite species, such mound-based 
emissions offset ~12% of soil CH4 uptake by the sur-
rounding soil, so that the savanna remained a weak 
net CH4 sink (Fig. 7; Jamali et al. 2011). The basal area 
of termite mounds totaled 6.9 m2 ha−1 at a mound 
density of 127 ha−1. There will be CH4 emissions from 
other subterranean and tree-dwelling termite com-
munities that contribute to the CH4 balance of these 
savannas. Nevertheless, these chamber measurements 
of termite mound exchange and soil–atmosphere ex-
change illustrate the importance of recognizing and 
understanding the various processes and mechanisms 
that contribute to landscape-scale fluxes.
Regional-scale aircraft fluxes. At a plot-to-regional scale 
(700-km aircraft transects), we employed near-surface 
(~50 m) aircraft grid patterns around and between the 
f lux tower sites using transects. These were f lown 
to determine how representative the tower-based 
continuous point measurements were for a given 
savanna site. Because we also have hyperspectral 
lidar, normalized difference vegetation index (NDVI), 
and soil moisture [Polarimetric L-band Multibeam 
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Fig. 5. Mean and standard error of the surface radiation, heat, and water fluxes for each of the sites along 
the NATT. For readability the vertical axis is the energy flux density (W m−2) and the horizontal axis is 
time from midnight to midnight in local standard time. Rainfall strongly declines from the coast (1,600 mm) 
inland to Sturt Plains (535 mm). The ensemble average for the SPECIAL campaign period (1–15 Sep 2008) 
is shown. A clear change in energy partitioning occur, with latent heat fluxes declining and Bowen ratios 
increasing as mean annual rainfall declines.
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Radiometer (PLMR; Table 2), we can 
explore the relationships between 
fluxes and land surface characteris-
tics. Figure 8 shows fluxes of H, Fc, 
and LE measured using the aircraft 
as well as the evaporative fraction 
[EF = LE/(H + LE)], superimposed 
on a map of NDVI derived from the 
aircraft remote sensing data. We will 
use aircraft observations to relate 
NDVI and other indices to describe 
the spatial variability in fluxes such 
as those seen along the transect 
between Howard Springs and Fogg 
Dam tower sites (Fig. 9). The wetland 
areas are seen on the right of the 
figure as areas with short vegetation 
but high CO2 uptake, consistent with 
moist surface conditions. Future 
analysis will examine spatial cor-
relations in fluxes and surface char-
acteristics, for example, using PLMR 
observations of soil moisture.
During the SPECIAL campaign, 
we also attempted to measure regional fluxes of CO2 
and water vapor using an aircraft boundary layer 
budgeting technique developed by Neininger et al. 
(2004). The technique was demonstrated in studies 
of CO2 budgets over pine forests in southern France 
(Schmitgen et al. 2004). Circles were flown from close 
to the ground to just below the capping inversion in 
a region 20 km away from the Daly River flux tower 
and aircraft flux grids (Fig. 10). The following three 
methods of data analysis are under development: i) a 
quasi-stationary approach, ii) Lagrangian difference 
(inflow–outflow), and iii) an ensemble of individual 
trajectories.
Satellite remote sensing. Elucidating the spatial and 
temporal variability of savanna productivity and 
examining its environmental drivers are critical 
in identifying the sensitivity of GPP to changes in 
climate. Satellite-based remote sensing was used to 
estimate GPP across the Northern Territory savanna 
region. GPP is the quantity of carbon dioxide fixed 
by photosynthesis (Jung et al. 2008), and this is offset 
by losses resulting from respiration, fires, and land 
use change. Previously, MODIS GPP collections 4.5 
and 4.8 (2001–06) have agreed reasonably well with 
hourly flux tower observations (Fig. 6), as shown by 
the index of agreement [IOA; 0.89 (Kanniah et al. 
2009)]. Although the wet-season GPP magnitude was 
predicted well by collection 4.8, an examination of the 
Fig. 6. Comparison of net Fc at each of the sites. The diurnal ensemble 
average for the SPECIAL campaign period (1–15 Sep 2008) is shown. 
A clear decrease in Fc is seen along the rainfall gradient. The decrease 
in Fc is correlated with a decline in leaf area and basal area.
Fig. 7. Soil–atmosphere trace gas exchange measure-
ments were made within the SPECIAL framework 
(Fig. 1). This figure shows (bottom) an example of the 
seasonal variation in soil CH4 uptake and termite mound 
(Microcerotermes nervosus) CH4 emissions in CO2 equiva-
lents, scaled according to their proportional areas within 
the plot and (top) shown relative to soil moisture and 
temperature conditions through late 2007 and 2008 at 
the Howard Springs flux tower site. Volumetric soil water 
content was multiplied by 100 for plotting purposes.
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inputs to the GPP algorithm revealed that MODIS 
fraction absorbed of photosynthetically active radia-
tion (fPAR) was too high for these savannas; however, 
this was compensated by photosynthetically active 
radiation (PAR) and light-use efficiency (LUE) that 
were too low (Kanniah et al. 2009).
In this study we estimated GPP for the Northern 
Territory savannas during the campaign period 
(Fig. 11) using the newer collection 5.0 MODIS 
MOD17 GPP product (http://modis.gsfc.nasa.gov 
/data/dataprod/nontech/MOD17.php). The newer 
collection 5.0 data used here agreed very well with 
tower-based estimates (Kanniah et al. 2011). Changes 
in rainfall along the gradient were associated with a 
strong gradient in GPP resulting from the reduced 
moisture available to support vegetation growth and 
LAI. Examination of the environmental controls on 
the spatial variation in GPP showed a strong influence 
of mean annual rainfall (r2 = 0.88), with radiation 
and temperature being less important. The use of 
ground-validated remotely sensed products such as 
these enables an examination of spatial (from plot to 
global scales) and temporal variability (either daily 
or longer). These results suggest that future climate 
change–driven changes in precipitation may affect 
the distribution and dynamics of savanna vegetation 
and GPP in northern Australia.
DATA. The campaign has generated a large amount 
of valuable data that are highly suitable for use by 
the land surface and at-
mospheric research com-
munities. The data can be 
used for testing and de-
velopment of land surface, 
hydrological, and Earth 
system models, as well as 
for developing remote sens-
ing algorithms. The data 
from the f lux tower net-
work will be made available 
through the OzFlux (www 
.ozflux.org.au) and FluxNet 
(www.f luxnet .ornl.gov) 
data archives. New tools for 
aircraft data visualization 
that can be integrated with 
Google Earth are avail-
able through Airborne Re-
search Australia (www 
.airborneresearch.org.au).
DISCUSSION AND 
FUTURE RESEARCH. 
The hierarchy of measure-
ments and preliminary 
analysis from leaf level to 
regional scale during the 
SPECIAL campaign has 
suggested that f luxes of 
carbon, water, and energy 
varied substantially across 
the savanna region and 
were driven by changes in 
environmental and veg-
etation characteristics. In 
order to provide robust 
spatial estimates of land 
Fig. 8. Aircraft flux grids at catchment scale (~20 km) over the Daly River 
(open woodland savanna). For visualization purposes the aircraft fluxes were 
spatially averaged at 800 m. The magnitude of the fluxes is illustrated by the 
length of the colored whiskers (blue whiskers show fluxes toward the surface 
and red show fluxes away from the surface), and absolute quantities are shown 
as values. For each transect only the maximum and minimum values are 
shown. The panels show (top left) sensible heat flux (W m−2), (bottom right) 
latent heat flux (W m−2), (top right) instantaneous net carbon dioxide flux (Fc; 
μmol CO2 m
−2 s−1), and (bottom left) evaporative fraction (LE/H + LE). The 
image beneath the airborne fluxes is aircraft-derived NDVI using data from 
the ARA/Alfred Wegner Institute (AWI) trispectral scanner.
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surface exchanges, a framework that combines 
techniques must be employed to integrate across 
spatial and temporal scales with observations at 
one scale informing those at another (Fig. 2). This 
basic framework was first employed in the FIFE 
field campaigns over a limited 15 km × 15 km 
grassland area that aimed to link at scales from 
leaf to satellite (Sellers et al. 1988). Subsequent land 
surface–atmosphere campaigns such as BOREAS 
aimed to “collect data needed to improve computer 
simulation models of the processes controlling ex-
changes so that scientists can anticipate the effects 
of global change” (Sellers et al. 1995, p. 1549), and 
this fundamental objective also drives our current 
research. Despite the necessity for multidisciplinary 
land surface–atmosphere field campaigns, they are 
relatively rare. Our campaign has encompassed 
arguably one of the world’s longest vegetation 
transects (the NATT) and has provided an excellent 
natural laboratory to examine the effects of changes 
in savanna composition, structure, and function on 
f luxes to the atmosphere. We have established the 
spatial and temporal drivers of variability in surface 
Fig. 9. Aircraft transect from the northern end of the transect at Howard Springs across the wetland at Fogg 
Dam. The transect illustrates the utility of aircraft for linking the plot-scale tower fluxes to larger regional 
transects. Aircraft-measured fluxes of the surface energy, water, and carbon dioxide. The aircraft altitude 
and terrain height are also plotted. The Howard Springs tower is located at Easting 733,934 and is illustrated 
by the left arrow. The Fogg Dam tower is located at Easting 750,675 and is illustrated by the right arrow.
Fig. 10. Regional-scale (~100–1,000 km) fluxes can be 
derived from boundary layer aircraft measurements. 
Repeated circles (diameter 30 km) were flown using 
two aircraft simultaneously at altitudes between 10 
and 600 m above ground and measured concentrations 
of CO2, CO, and H2O. Reference circles were flown at 
the top (green) and bottom (blue) of the boundary 
layer with a vertical sawtooth pattern flown in between 
(red). Relative wind vectors are shown in white.
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exchanges across a massive region of savannas (from 
leaf to landscape scales), which is a biome that is 
generally underrepresented in terms of land surface 
exchange studies (Baldocchi et al. 2001). We have 
shown that key differences in climate and ecosystem 
characteristics, in particular, structure as opposed 
to vegetation composition, drive the variability in 
f luxes for this region. The spatial variability across 
the region as seen in the water and carbon exchange 
measured by our f lux tower network can be sepa-
rated into two components. One component is due to 
spatial variability in the meteorological drivers and 
the other is due to heterogeneity in the vegetation 
structure (LAI, basal area, and rooting depth). From 
decadal to century time scales, annual precipitation 
and fire regime dynamics determine the vegetation 
structure and composition of this savanna region 
(Hutley and Beringer 2011), which in turn alters the 
land surface exchange (Fig. 1).
In developing regional estimates of energy, water, 
and carbon, it is clear from Fig. 2 that no single tech-
nique is able to capture all of the temporal and spatial 
scales of interest. There is a need for tools to link 
between these scales. For example, we linked manual 
plot–based measurements of ecosystem composition 
and structure with aircraft hyperspectral measure-
ments and then linked these to more frequent and 
extensive satellite remote sensing. Techniques such 
as active remote sensing (i.e., microwave radar and 
lidar) and hyperspectral spectroscopy (i.e., Hyperion) 
will be very useful in the near future. However, these 
will generate massive datasets that will need to be 
aggregated in a meaningful way and validated against 
ground-based data.
We were are able to use top-down 
remote sensing effectively for de-
termining fluxes (e.g., GPP and LE) 
in this region because the remote 
sensing algorithms are based on 
estimates of vegetation cover density 
(i.e., LAI, fPAR, and NDVI), which 
are captured accurately in this 
biome that features open canopies. 
LAI is an expression of the avail-
able resources (water, nutrients, 
and climate), and as water avail-
ability declines along the transect 
so too does LAI. In contrast to top-
down remote sensing, our ability 
to simulate fluxes using bottom-up 
process-based land surface models 
is currently poor. There are several 
remaining challenges for our mod-
els that need to be addressed in or-
der to accurately describe fluxes not 
only spatially, but also temporally, 
given the monsoonal climate of 
this region. These include the need 
for LSMs to 1) adequately capture 
the extremes of seasonally avail-
able moisture and rapid changes in 
phenology and LAI during changes 
during transition phases from dry to 
wet seasons and vice versa (Kanniah 
et al. 2009); 2) account for frequent 
fire that is a feature of these ecosys-
tems and can result in a rapid loss of 
functional LAI and dramatic shifts 
in albedo, mass, and energy ex-
change (Beringer et al. 2003, 2007); 
Fig. 11. GPP for the Northern Territory savanna during the campaign 
period (Sep 2008). GPP was derived from the MODIS GPP algorithm 
(Myneni et al. 2002) but used a savanna light-use efficiency based on 
our six sites down the NATT (LUE is defined as carbon uptake per 
unit of radiation absorbed), regionally specific meteorology (Jeffrey 
et al. 2001), and fPAR (MOD15A2 collection5; Kanniah et al. 2009). 
Changes in rainfall along the gradient are associated with a strong 
GPP gradient resulting from changes in savanna structure and 
composition.
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and 3) account for the differential rooting distribu-
tion of savanna vegetation, namely, shallow-rooted 
grasses and deeper-rooted woody vegetation and 
both deciduous and evergreen species (O’Grady et al. 
2000). These drivers result in a mosaic of patches in 
differing functional states, and capturing this spa-
tial and seasonal variation is complex. Studies such 
as ours are crucial for providing credible input and 
validation data for model simulations. Ultimately 
modeling, supported by observations, is needed to 
make projections about how ecosystems and their 
interactions with the atmosphere may change under 
a changing climate.
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